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C BY-NC-Abstract Preparation and characterization of didodecylphosphoric acid (HDDPA) as an extract-
ant in toluene was carried. Mass spectroscopy showed that the monomer peak at 457.4 amu
[M–Na+] is double that of the dimer at 891.9 amu [M–M–Na+] and the monomer molecules con-
centration dominate the dimer molecules in toluene. HDDPA was used as an extractant for the
extraction of U(VI) ion from perchlorate and nitrate media that have ionic strength (1.00, 3.00,
5.00, 7.00 M). The effect of HDDPA concentration, pcH, ionic strength of supporting electrolytes,
and temperature in the range 15–45 C on the extraction process have been studied. The stoichiom-
etry of the extraction of U(VI) ion, the free energy change (DG), the enthalpy change (DH), the
entropy change (DS), and Kex at different ionic strength have been calculated. The formula of
the complexes, which were formed has been established to be UO2(X)(R2)(HR2) at pcH equal
2.00 and UO2(X)(R2)(HR2) and UO2(X)(R2) at pcH = 1.00, where (X) is ClO

4 or NO

3 and
(HR2) is didodecylphosphoric acid monomer, (R2) is the deprotonated didodecylphosphoric acid,
where R is the dodecyl group.
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ND license.1. Introduction
Signiﬁcant amounts of uranium (U) and thorium (Th) exist in
the earth ores and in the nuclear fuel reprocessing process,
which needs separation and extraction. Reprocessing the spent
fuel not only reduces the volume and radio toxicity of the
high-level waste, but also can be used to produce new fuel
(Environmental Protection Agency (EPA), 2004).
The separation techniques for reprocessing include
precipitation, ion exchange, and solvent extraction. Solvent
extraction has several advantages for use in the large scale
reprocessing of spent nuclear fuel, including the ability for
continuous operation, high throughput, and solvent recycling.
Figure 1 HDDPA structure.
60 M.K. Nazal et al.Extraction of U(VI) from acidic solutions using dialkyl-
phosphoric acid has been a subject of great interest of the
various compounds of this class, di-2-ethylhexyl phosphoric
acid (DEHPA), di-octylphenylphosphoric acid (DOPPA) and
2-ethylhexyl, 2-ethylhexyl phosphonic acid (PC-88A) have
been extensively studied from the point of view of elucidating
the mechanism of metal ion extraction as well as application to
separation problems (Dogmane et al., 2002).
Baes (1962) and Laskorin et al. (1972) found that long linear
alkyl group organophosphoric acids extract U(VI) better than
branched ones and the didodecylphosphoric acid extractant
HDDPA has proved to be very useful in the extraction of metal
ions due to its low solubility in the aqueous phase. Konodo etal.
(1989) studied the extraction of Eu(III), Sm(III), and Gd(III)
ions from nitrate solution byHDDPA in toluene as a carrier dil-
uent. It was found that lanthanides ions (Ln3+) are extracted.
Ionic strength is an important factor in chemical reactions
in aqueous solutions, because it affects the rates at which ions
react with each other and thus, the equilibrium and the extent
to which the reaction occurs. Ionic strength is very important
in studying the behavior of Th(IV), U(VI) and high radioactive
wastes in repository sites for waste disposal, such as Yucca
Mountain in the USA since they contain high salt concentra-
tions, such as chlorides or nitrates (William, 1992).
Khaled and Khalili (1999) studied the effects of stripping
nitric acid concentration, stripping time, extraction time,
HDDPA concentration, pH, supporting electrolyte and tem-
perature. He proposed a similar mechanism for the extraction
of UO2þ2 by [HDDPA] with one perchlorate anion extracted to
the organic phase at 0.10 M ionic strength from (NaClO4 +
HClO4) at pH = 2.00 and 25 C.
Recently we reported the extraction of Th(IV) ion from per-
chlorate (Bayyari et al., 2010a,b) and nitrate (Bayyari et al.,
2010a,b) media at high ionic strength (I= 1.00, 3.00, 5.00,
7.00 M) using didodecylphosphoric acid. The effect of
HDDPA concentration, ionic strength, pcH and temperature
on the extraction processes have been studied in perchlorate
media. From the equation of the extraction process, (Kex)
extraction constant was calculated from the distribution ratio
(Dc) values at different temperatures.
Kex ¼
½ThðXÞ4ðHR2ÞYorg
½ThðXÞ4½HR2Yorg
Kex was found to be 3.52 · 105 and 1.92 · 107 from nitrate and
perchlorate. Enthalpy, free energy and entropy changes were
determined to have negative values. This means that the reac-
tion is spontaneous and exothermic. The DH and Kex slightly
increased with ionic strength. The composition of the complex
formed was established to correspond to [Th(X)4(HR2)Y]org,
where X ¼ NO3 or ClO4 and Y= 1 or 2, HR2 = HDDPA
monomer molecule.
Banerjee et al. (2003) studied the effect of salt variation
upon extraction of UO2þ2 ion by 3-phenyl-4-benzoyl-5-isoxazo-
lone (HPBI), and found that the distribution ratio increases
with the increase in salt concentration of NaClO4, or NaNO3.
But it decreases with the increase in salt concentration of
NaCl, and explained that by the complexing ability of the an-
ion in the order Cl > NO3 >> ClO

4 .
Several researchers studied the extractionofU(VI) using trib-
utyl phosphate (TBP), such as Stas et al. (2005), who studied the
effect of ionic strength on the extraction of UO2þ2 by (TBP) inkerosene, and found that the extraction increases with the in-
crease in concentration of nitric acid in range (0.50–5.00 M).
This encouraged us to aim this study at the extraction of
U(VI) ion from perchlorate and nitrate media at ionic strength
of 1.00, 3.00, 5.00 and 7.00 M, by didodecylphosphoric acid as
an extractant. The effects of HDDPA concentration, pcH
(log [H+]), ionic strength of supporting electrolytes, and
temperature in the range 15–45 C on the extraction process
will be studied.
2. Experimental
2.1. Materials and equipments
Uranyl nitrate hexahydrate (BDH) was used without further
puriﬁcation. Analytical grade toluene (Merck) was puriﬁed
through silica gel column then distillation, perchloric acid
(70%) (Fluka Chemicals), hydrochloric acid (35%) (GCC),
nitric acid (60%) (BDH), and orthophosphoric acid (85%)
(Scharlau) were used throughout this work. 4-(2-pyridyl azo)
resorcinol PAR (Fluka) was used as spectrophotometric re-
agent for U(VI) ions. All other chemicals were of analytical
grade. Deionized water was employed to prepare aqueous
solutions, and for washing all glassware. Solutions were pre-
pared using the proper concentration of perchloric acid to give
the corresponding pcH = Log [H+].
A homemade mechanical shaker at 30 ± 1 C was used to
shake the samples in all experiments except in temperature ef-
fect experiments, where a shaker with water bath fromMemm-
ert Instrument was used and the weighing was carried out on
Mettler PC 2000 balance. The spectrophotometric measure-
ments were carried out using spectroscan 80DV-Spectropho-
tometer and IR spectrum was obtained by FTIR Nicolet
Impact 670 FTIR-Spectrophotometer Madison WI. The
NMR identiﬁcation of HDDPA extractant was done using
Bruker advance DPX 300 Spectrometer of 300 MHz Wissem-
bourg Cedex, Germany, chemical shifts are given in ppm with
tetremethylsilane (TMS) as the internal standard and mass
spectroscopy in toluene was obtained by API5000 mass spec-
troscopy from Applied Biosystem, USA and Bruker Daltonics
Apex IV Bremen, Germany.2.2. Didodecylphosphoric acid (HDDPA)
The extractant, didodecylphosphoric acid (HDDPA) (Figure 1)
was synthesized according to Konodo et al. (1989). The prod-
uct was identiﬁed by its sharp melting point at 56 C, FTIR,
1H NMR and 13C NMR dept 135 and mass spectroscopy as
shown in Figs. 2–5, respectively.
2.3. Preparation of solutions
2.3.1. Uranium(VI) ion stock solution
A 500.0 ± 0.2 mL of 0.060 ± 0.001 M uranyl perchlorate
stock solution was prepared by treating 15.03 ± 0.01 g of
Figure 2 FTIR spectrum for didodecylphosphoric acid (HDDPA).
Effect of high ionic strength on the extractionof uranium(VI) ions 61uranyl nitrate with 12.00 ± 0.03 mL of concentrated
perchloric acid. The exact concentration of the solution
was determined by gravimetric method as shown by Palei
(1970).Figure 3 (a) 1H NMR spectrum for didodecylphosphoric acid (HDDP
(HDDPA).2.3.2. PAR indicator solution
4-(2-Pyridyl azo) resorcinol PAR solution was prepared by dis-
solving 0.50 ± 0.01 g from PAR in 250.0 ± 0.1 mL of 0.001 M
NaOH to give a concentration of (9.30 ± 0.18) · 103 M to beA). (b)13C NMR dept-135 spectrum for didodecylphosphoric acid
Fig. 3 (continued)
62 M.K. Nazal et al.used as a spectrophotometric reagent in the determination of
uranium(VI) ion concentration as shown by several researchers
(Neas and Guyon, 1970; Florence and Ferrar, 1963).
2.3.3. Pre-equilibration of HDDPA
A (5.00 ± 0.01) · 103 M HDDPA (as a monomer) stock
solution was prepared by dissolving 4.34 ± 0.01 g HDDPAFigure 4 ESI positive mass spectrum for didodecylpin 2 L toluene as a diluent. A 1.0 L of the organic solution
was pre-equilibrated with 1.0 L (NaClO4 +HClO4) or
(NaNO3 + HNO3) solution having ionic strength I = 1.00,
3.00, 5.00, or 7.00 M and pcH = 2.00, or 1.00. The mixture
was stirred for 24 h, and then the aqueous layer was separated
and discarded. While the organic layer was used for further
experiments.hosphoric acid (HDDPA) in toluene by API 5000.
Effect of high ionic strength on the extractionof uranium(VI) ions 632.4. Extraction of uranium(VI) ion by didodecylphosphoric acid
and its spectrophotometric determination
A 10.0 mL of (3.70 ± 0.01) · 104 M uranyl perchlorate, and
10.0 mL of the organic layer, which contains different concen-
tration of HDDPA in range (0.50 ± 0.01–1.00 ± 0.01) ·
103 Min toluene were placed in a 50 mL vial. The mixture
was shaken for 3 h because the extraction reaches its maximum
at this time. A 4.00 ± 0.01 mL of the aqueous solution was
taken in which the concentration of U(VI) ion was directly
measured spectrophotometrically at (k= 529 ± 2) nm as
mentioned by Florence and Ferrar, 1963. A calibration curve
was obtained for each set in perchlorate and nitrate media atFigure 5 High resolution ESI positive mass spectrum for
didodecylphosphoric acid (HDDPA) in toluene by Apex IV.
Figure 6 Effect of HDDPA concentration on the distribution
ratio (Dc) from different ionic strength perchlorate media at
pcH = 1.00 and T= 30 ± 1 C.
Figure 7 Effect of HDDPA concentration on the distribution
ratio (Dc) from different ionic strength nitrate media at
pcH = 1.00 and T= 30 ± 1 C.different ionic strength using 5, 10, 20, 30, 40, 50, 60, 70, 80
and 100 lg/mL UO2þ2 ion.
3. Results and discussion
The FTIR, 1H NMR and 13C NMR dept 135 agrees very well
with the chemical structure of HDDPA (Figs. 2 and 3a, b).
The HDDPA monomer molecule mass with sodium ion
[M–Na+] (457.4 amu) to the dimer mass with sodium ion
[M–M–Na+] at 891.9 amu was found by ESI mass spectros-
copy (with no heating) in toluene to have a 2:1 ratio as shown
in Figs. 4 and 5. The ESI mass spectroscopy is not a very
precise technique to determine the ratio between dimer and
monomer but it can give a slight indication about the ratio
to be less than what has been found by Kondo et al. (1989)
which was around 15,000:1 using vapor pressure osmometer.
A lot of organophosphoric acids exist in the dimer form in
nonpolar solvents and as monomer in polar solvents and there
is monomer–dimer equilibrium (Baes, 1962). But the most
important question is; which form in is more favorable to be
involved in the extraction regardless of the ratio monomer–
dimer in solution.
All the calculations in this paper indicated and emphasized
the presence of the monomer as the dominant species in the
extraction of UO2þ2 ion. If the calculations were based on the
assumption that HDDPA is in the dimer form, this will give
negative values for the concentration of free HDDPA atFigure 8 The effect of pcH on the distribution ratio (Dc) from
perchlorate at ionic strength 1.00 and 300 M and nitrate media at
ionic strength 1.00 M and T= 30 ± 1 C.
Figure 9 The effect of ionic strength on the distribution ratio
(Dc) for perchlorate and nitrate pcH = 2.00 and T= 30 ± 1 C.
64 M.K. Nazal et al.equilibrium, which is impossible. All this agree and support our
previous work that HDDPA in toluene behave as a monomer in
the extraction of U(VI) and Th(IV) (Bayyari et al., 2010).
3.1. Extraction of uranium(VI) ion from perchlorate and nitrate
media
The general equation for the extraction reaction of
uranium(VI) by acidic organophosphorus extractant from
perchlorate and nitrate media is given by:Table 1 Log(Kex) for the extraction by two molecules DDPA
at pcH = 2.00 from perchlorate and nitrate at different ionic
strength and T= 30 ± 1 C.
½ClO4 M Log(Kex) ½NO3 M Log(Kex)
1.00 4.55 ± 0.06 1.00 4.53 ± 0.08
3.00 4.28 ± 0.03 3.00 4.05 ± 0.08
5.00 4.16 ± 0.04 5.00 4.08 ± 0.08
7.00 4.31 ± 0.06 7.00 4.17 ± 0.08
Table 2 Log(Kex) for the extraction by one DDPA molecule
at pcH = 1.00 from perchlorate and nitrate at different ionic
strength and T= 30 ± 1 C.
½ClO4 M Log(Kex) ½NO3 M Log(Kex)
1.00 1.32 ± 0.01 1.00 1.27 ± 0.01
3.00 1.34 ± 0.01 3.00 1.02 ± 0.01
5.00 1.34 ± 0.01 5.00 0.96 ± 0.01
7.00 1.31 ± 0.01 7.00 0.90 ± 0.01
Figure 10 Comparison between the effect of temperature on the extra
5.00 and 7.00 M at constant pcH = 2.00.
Table 3 Log(Kex) for the extraction by two DDPA molecules
at pcH = 1.00 from perchlorate and nitrate at different ionic
strength and T= 30 ± 1 C.
½ClO4 M Log (Kex) ½NO3 M Log(Kex)
1.00 4.36 ± 0.01 1.00 4.31 ± 0.01
3.00 4.44 ± 0.03 3.00 4.08 ± 0.01
5.00 4.46 ± 0.04 5.00 4.06 ± 0.01
7.00 4.46 ± 0.05 7.00 3.98 ± 0.01UO2þ2 aqþ yðXÞaq
þ nðHR2ÞorgUO2ðXÞyðR2ÞðzÞððHR2ÞÞðnzÞorg þ ðzÞHþ ð1Þ
where (X) is an anion in the aqueous phase, (HR2) is the
monomer didodecylphosphoric acid (HDDPA) extractant dis-
solved in the organic phase which is toluene, (R2) is the depro-
tonated didodecylphosphoric acid. While (z) is the number of
hydrogen released from HDDPA during the formation a
UO2þ2  HDDPA complex, (y) is the number of anion
(ClO4 or NO3
) in the extracted complex in the organic phase
and (n) is the number of extractant in the uranyl complex in
the organic phase.
3.2. Effect of (HDDPA) concentration on extraction
The plotting of logarithms [HDDPA] at equilibrium versus
logarithms of distribution ratio (Dc) at 30 ± 1 C, yield
straight lines with slopes equal 1.57 ± 0.13, 1.32 ± 0.11,
1.54 ± 0.10, and 1.55 ± 0.11 at I= 1.00, 3.00, 5.00, and
7.00 M (NaClO4 + HClO4), respectively as shown in
Figure 6. However, in case of nitrate at the same ionic
strengths the distribution ratio increases with increase in the
HDDPA, it give slopes of 1.68 ± 0.12, 1.71 ± 0.12, 1.69 ±
0.13 and 1.79 ± 0.06 at pcH = 1.00 as shown inFigure 7. This
indicates that at least two complexes are formed in the organic
phase between UO2þ2 and didodecylphosphoric acid.
While at pcH 2.00 slopes equal (2.05 ± 0.16, 2.14 ± 0.05,
2.12 ± 0.06 and 2.21 ± 0.07) at I= 1.00, 3.00, 5.00, and
7.00 M (NaClO4 + HClO4) respectively, and slopes (1.93 ±
0.05, 1.90 ± 0.10, 1.86 ± 0.03 and 1.86 ± 0.06), in case of ni-
trate were obtained at different ionic strength. This means that
the value of (n) equals approximately 2.00, which is equal to
the number of moles of HDDPA involved in the extraction
of one mole of UO2þ2 from perchlorate and nitrate media,
and there is only one complex formed in the organic phase.
3.3. Effect of pcH
The effect of pcH on the extraction of uranium(VI) from so-
dium perchlorate medium at 1.00 M, and 3.00 M ionic strength
and from nitrate medium at 1.00 ionic strength, have been
studied at concentration from [HDDPA] equal 1.00 · 103 M
in the organic phase at 30 ± 1 C. The logarithm of the (Dc)
values obtained were plotted against the corresponding initial
pcH where the initial concentration of hydrogen ion [H+] wasction from perchlorate media at different ionic strength 1.00, 3.00,
Figure 11 Comparison between the effect of temperature on the extraction from Nitrate media at different ionic strength 1.00, 3.00, 5.00
and 7.00 M at constant pcH = 2.00.
Effect of high ionic strength on the extractionof uranium(VI) ions 65used because the change between the initial and equilibrium is
less than 5%, Figure 8. From the plots straight lines have been
obtained with slopes of 0.91 ± 0.04, and 0.92 ± 0.04 from io-
nic strength 1.00 and 3.00 M perchlorate respectively and slope
0.90 ± 0.04 from ionic strength 1.00 M in case of nitrate.
These values represent the number of hydrogen ions (z) re-
leased from HDDPA during the formation of UO2þ2 –HDDPA
complex.
3.4. Effect of ionic strength (I)
The effect of ionic strength on the extraction of 3.70 · 104 M
UO2þ2 has been studied and found that the distribution ratio
(Dc) increases with the increase of ionic strength from perchlo-
rate and nitrate medium at I= 3.00, 5.00 and 7.00 M. This is
explained by the increase of the thermodynamic activity of the
metal salt extracted and decrease the activity of water as the
ionic strength increase as shown by Kolarik (1982), which
means they are functioning as a salting out agent. Plotting
the logarithms of (Dc) versus the logarithms of ionic strength
(concentration of ClO4 or NO

3 anion) gives two straight lines
with slope 0.95 ± 0.11 for perchlorate and 0.72 ± 0.02 for ni-
trate at pcH = 2.00 as shown in Figure 9.
The efﬁciency of extraction increases with the increase in
the concentration of perchlorate and nitrate anions, because
these species are considered as very weak complexing anions
and working as salting out agents. This support our assump-
tion that perchlorate and nitrate anions are extracted because
the higher the ionic strength the greater the number of ion
pairs in solution.
3.5. Concentration extraction equilibrium constant (Kex)
The HDDPA concentration in the organic phase at equilib-
rium [(HR2)]equ can be calculated from the difference betweenTable 4 Thermodynamic parameters, for the extraction from perch
strengths.
½ClO4 M Kex · 104 DH (kJ/mol)
1 3.55 ± 0.22 18.81 ± 0.8
3 1.90 ± 0.05 20.82 ± 1.5
5 1.44 ± 0.06 26.29 ± 3.5
7 2.02 ± 0.13 37.96 ± 1.6the initial [HDDPA] concentration, and the amount used for
complexation, the concentration of the anion [X] at equilib-
rium is assumed to be equal to the initial concentration of
the anion since it is present in large amounts and the stability
constants (b) with nitrate or perchlorate are very small (Pai,
1970), and their values decrease with ionic strength. [H+] is
equal to the concentration of the hydrogen ion in the aqueous
phase at equilibrium. The values of (n= 1 or 2) and (z= 1)
have been obtained at 30 C by studying the effect of
[HDDPA] and pcH on the extraction respectively as found
by (Khaled and Khalili, 1999).
By considering the HDDPA concentration and the pcH ef-
fects on the distribution ratio at constant temperature and the
charge balance of the extracted complex, the extracted species
can be written in this form: UO2(X)(R2)(HR2) at pcH equals
2.00 and UO2(X)(R2)(HR2) and UO2(X)(R2) at pcH = 1.00,
where there are no hydroxyl ions exist at these pcH values.
This means that didodecylphosphoric acid in toluene extract
uranium(VI) ion from perchlorate and nitrate solutions is
obtained by a mixed ion exchange-solvation mechanism. This
mechanism can be represented by the following equilibrium
equations:
UO2þ2 aqþ ðXÞaq þ ðHR2ÞorgUO2ðXÞðR2Þorg þHþ ð2aÞ
UO2þ2 aqþ ðXÞaq þ ðHR2ÞorgUO2ðXÞðR2ÞðHR2Þorg þHþ
ð2bÞ
where X: ClO4 or NO3
 anion.
The reactions above, indicate that at different ionic strength
and at constant pcH and temperature, there is no change on the
stoichiometry ormechanism of the extraction reaction of UO2þ2 ,
and the complexes in the organic phase have one or twomoles of
(HDDPA) at pcH = 1.00 and two moles of (HDDPA) at
pcH = 2.00. The presence of perchlorate and nitrate in the ex-
tracted species is highly expected due to the increase in the num-
ber of ion pairs in solution with concentration of both.lorate medium, at 30 ± 1 C, pcH = 2.00 and at different ionic
DG (kJ/mol) DS (J/K)
3 26.39 ± 1.46 25.02 ± 0.08
5 24.82 ± 0.86 13.21 ± 0.04
1 24.12 ± 1.14 7.18 ± 0.03
6 24.98 ± 1.51 42.83 ± 0.14
Table 5 Thermodynamic parameters, for the extraction from nitrate medium, at T= 30 ± 1 C, pcH = 2.00 and at different ionic
strengths.
½ClO4 M Kex 104 DH (kJ/mol) DG (kJ/mol) DS (J/K)
1 3.35 ± 0.28 19.54 ± 1.13 26.26 ± 1.87 22.20 ± 0.10
3 1.13 ± 0.10 25.57 ± 1.90 23.53 ± 1.88 6.70 ± 0.03
5 1.22 ± 0.10 30.91 ± 1.59 23.71 ± 1.86 23.8 ± 0.12
7 1.48 ± 0.13 38.59 ± 1.84 24.20 ± 1.89 47.5 ± 0.20
66 M.K. Nazal et al.Khaled andKhalili (1999), proposed a similarmechanism for
the extraction of UO2þ2 by [HDDPA] at 0.10 M ionic strength
from (NaClO4 + HClO4), pcH = 2.00, and 25 C as follows:
UO2ðClO4Þþaq þ 2ðHR2ÞorgUO2ðClO4ÞðR2ÞðHR2Þorg þHþ
ð3Þ
This agrees with what has been found for Fe(III) complex-
ation with HDDPA in CCl4 that has the following
composition: Fe[O2P(OR)2]2(OH)Æ(RO)2PO2H, (R is a dodecyl
group) (Novikova et al., 1989). Where an anion is extracted
and HDDPA behave as a monomer. It can be concluded that
the presence of perchlorate or nitrate anion which are larger
than hydroxide anion in the extracted complex increase the
probability of complexation by the monomer HDDPA. This
may be due to the steric effect around the equatorial positions
around the uranyl ion. Kondo et al. (1989) did not ﬁnd such
mechanism with Lanthanides; it was only an ion exchange
mechanism and it may be due to the low ionic strength or/
and charge on the metal ion.
Concentration based Kex has been calculated according to
the equation 5 and 6 by substituting the values of distribution
ratio (Dc), concentration of extractant at equilibrium, initial
concentration of hydrogen ion [H+] was used because the
change between the initial and equilibrium is less than 5%,
concentration of anion [X], and the values of z, n and y which
were obtained from experiments.
Kex ¼
ðDcÞ½Hþzaq
½Xyaq½ðHR2Þnorg
ð4Þ
Dc ¼
½UO2þ2 Tot org
½UO2þ2 Tot aq
¼ ½UO2ðXÞðR2Þorg þ ½UO2ðXÞðR2ÞðHR2Þorg½UO2þ2 aq þ ½UO2ðXÞþaq þ ½UO2ðXÞ2aq . . . etc:
ð5Þ
where X: NO3 or ClO

4 anion, ½UO2þ2 Tot org is the total ura-
nium concentration extracted in the organic phase and
½UO2þ2 Tot aq is the total uranium concentration in the aqueous
phase either as free or complexed. The extent of complexation
with NO3 or ClO

4 anions were ignored due to the very low
stability constants which decrease in values with ionic strength
(Pai, 1970), and there is no evidence for the existence of other
uranium perchlorate or nitrate species in the organic phase.
The Log(Kex) values of UO
2þ
2 from perchlorate and ni-
trate media by two DDPA molecules at pcH = 2.00, temper-
ature 30 ± 1 C and different ionic strength are tabulated in
Table 1 and by one molecule DDPA at pcH = 1.00, temper-
ature 30 ± 1 C and different ionic strength are tabulated in
Table 2 as well as by two molecules DDPA at pcH = 1.00,
temperature 30 ± 1 C and different ionic strength are
shown in Table 3.
Extraction equilibrium constant for perchlorate is higher
than nitrate due to the complexing ability of these species
and the Kex increase with decrease in the concentration ofH+ because the deprotonated HDDPA is increasing and its
ability to bind is more than the neutral HDDPA. The extrac-
tion equilibrium is almost constant at different ionic strength
taking in the account the error of the experiment.
3.6. Effect of temperature
Extraction of UO2þ2 by 5.00 · 10
4 M HDDPA from perchlo-
rate and nitrate solution at pcH = 2.00 and ionic strength
1.00, 3.00, 5.00 and 7.00 M has been studied in range of tem-
peratures from 15 to 45 ± 1 C as shown in Figs. 10 and 11.
3.7. Calculation of the conditional thermodynamic parameters
From the Van’t Hoff’s equation (lnK = DH/RT + DS/R),
conditional DH was obtained by plotting Log (Kex) against
1/T, and the conditional change in free energy (DG) can be cal-
culated at 303 K by using equation (6).
DG ¼ RT lnKex ð6Þ
From DG and DH values, the change in conditional entropy
DS can be calculated at 303 K. All the thermodynamic values
are shown in Tables 4 and 5 for the extraction from perchlo-
rate and nitrate respectively.
From the effect of temperature on the extraction at different
ionic strength experiment and the data in Tables 4 and 5, it is
clear that the extraction at different ionic strengths behaves
similarly, since the enthalpy changes (exothermic). In addition,
the entropy changes decrease with the increase in ionic
strength. This may be associated with the decrease in the re-
lease of water molecules upon dehydration of UO2þ2 ion during
extraction. The extraction system is spontaneous and driven
mainly by enthalpy as shown by Yaftian et al. (2004).4. Conclusion
The extraction equilibrium constant was obtained for the
extraction of UO2þ2 ion from perchlorate and nitrate mediums
with perchlorate having the highest Kex values. The increase in
ionic strength by perchlorate and nitrate anions and the pcH
lead to an increase in the extraction efﬁciency in the order
ClO4 > NO

3 . The formula of the complexes, were UO2(X)
(R2)(HR2) at pcH equal 2.00 and UO2(X)(R2)(HR2) and
UO2(X)(R2) at pcH = 1.00, where (X) is ClO

4 or NO

3 . Did-
odecylphosphoric acid (HR2) was involved in the extraction as
the monomer and not the dimer as suggested by Konodo et al.
(1989).
The extraction system from perchlorate and nitrate was
found to be spontaneous at different ionic strengths, since
the enthalpy changes are exothermic. In addition, the entropy
changes decrease with the increase in ionic strength.
Effect of high ionic strength on the extractionof uranium(VI) ions 67From the view point of separation chemistry, it is recom-
mended that extraction of UO2þ2 ions by didodecylphosphoric
acid is to be carried from low ionic strength solutions and to
avoid high ionic strength solutions.References
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